Experimental results on the temperature-dependent cross-plane thermal conductivity of skutterudite thin films are presented. The films examined include IrSb 3 , CoSb 3 , and Ir 0.5 Co 0.5 Sb 3 single layers, and IrSb 3 /CoSb 3 superlattices that are grown by pulsed-laser deposition. A differential 3 method is used to measure the cross-plane thermal conductivity of these films from 80 to 300 K. The experimental results show a significant reduction in their thermal conductivity values compared to those of their corresponding bulk samples reported in literature. Possible mechanisms contributing to the thermal conductivity reduction are discussed.
Skutterudites have been extensively studied in the past decade as the candidate materials for achieving high thermoelectric efficiency, which is defined by the nondimensional figure of merit, 1-5 ZTϭS 2 T/k, where S is the Seebeck coefficient of a material, is the electrical conductivity, T is the temperature, and k is the thermal conductivity. One major direction for increasing the ZT of these materials is to reduce their lattice thermal conductivity by adding phonon rattlers into the voids in their crystal structures. 6, 7 Large drops in the thermal conductivity values have been reported on various filled skutterudites.
An alternative approach to reduce the lattice thermal conductivity is to utilize the interfaces and grain boundaries in low-dimensional systems such as thin films and wires to scatter phonons. There have been a few studies in the past reporting the synthesis and electrical characterization of skutterudite thin films. Anno et al. 8 deposited CoSb 3 thin films on GaAs substrates using radio frequency sputtering and characterized their electronic transport properties. Caylor et al. 9 have fabricated and studied the crystal structures of IrSb 3 and CoSb 3 thin films through pulsed-laser deposition. The thermal conductivity of skutterudite thin films has not been studied extensively. On the other hand, increasing experimental evidence has been reported on the large thermal conductivity reduction in various superlattices including GaAs/AlAs, [10] [11] [12] [13] [14] Si/Ge, [15] [16] [17] and Bi 2 Te 3 /Sb 2 Te 3 . 18 It is of both fundamental and practical interests to examine the thermal conductivity of skutterudite thin films and their superlattices.
In this letter, we report the cross-plane temperaturedependent thermal conductivity measurements on pulsedlaser-deposited CoSb 3 and IrSb 3 thin films, an Ir 0.5 Co 0.5 Sb 3 alloy film, and five IrSb 3 /CoSb 3 superlattices of various periods. The cross-plane thermal conductivity values of these films are measured with the 3 method. 19 The experimental results suggest that the phonons carrying heat in bulk skutterudites have a long mean free path. The thermal conductivity values of the alloy film and the superlattices are comparable to some filled skutterudites, demonstrating lowdimensionality as an effective alternative to reduce the thermal conductivity. The skutterudite samples were grown by pulsed-laser deposition at 270°C on Si substrates. Table I summarizes the studied samples. Details of the sample growth can be found in the work by Caylor et al. 9, 20 Before the sample growth, the substrate is electrically insulated with a 1000 Å SiO 2 film in a low-pressure chemical vapor deposition. The thickness of the single-layer skutterudite films and the alloy film was measured by a stylus profilometer, and the thickness of superlattice films by Rutherford backscattering spectrometry. The deposition of the superlattice films start with a CoSb 3 layer followed by an IrSb 3 layer. The thickness of these two skutterudite layers defines the period thickness for the multilayer. 20 The p-type polycrastalline films exhibit a columnar microstructure with grains of lateral diameter ϳ50 nm that transverse the film thickness. Local epitaxy exists in superlattices, and a single columnar grain can run through the whole structure in the cross-plane direction.
The thermal conductivity of the skutterudite thin films is measured by the differential 3 method. 19 In this method, the thin film metal heaters of dimensions 1 mmϫ10 m are deposited onto the skutterudite film samples. Before the deposition of the heater, the electrically conducting surface of the skutterudite thin film is insulated with a ϳ700-Å-thick Si x N y layer deposited onto the skutterudite sample by plasma-enhanced chemical vapor deposition ͑PECVD͒ at 150°C. Thin-film heaters are then fabricated by depositing a 100 Å Cr/3900 Å Au layer through electron-beam evaporation, followed by a lift-off technique for the heaters defined during photolithographic processing. In addition to the skutterudite film samples, a reference sample is fabricated, which is similar to the regular sample except that it has only a 100 Å IrSb 3 thin film above the SiO 2 film. This 100 Å film is a͒ Author to whom correspondence should be addressed; electronic mail: gchen@seas.ucla.edu used to ensure that the Si x N y films on the skutterudite film samples and on the reference sample have identical microstructures and that the error due to thermal boundary resistance between the studied film and the insulating layers can be minimized through subtraction. The alternating current temperature difference between the skutterudite film and the reference is used to calculate the former's thermal conductivity based on an one-dimensional heat conduction model. A more detailed modeling shows this is sufficiently accurate for our samples, 21 which have heater-width-to-film-thickness ratios ranging from 45 to 90. We have also tested the differential method on PECVD SiO 2 films and obtained thermal conductivity in the range of 1.02-1.09 W/mK, which is comparable to literature values. The temperature-dependent properties of the skutterudite films are measured in a cryostat with operating temperatures from 80 to 300 K. Figure 1 illustrates the typical experimental temperature rise signals between a skutterudite sample and the reference sample. Figure 2 shows the thermal conductivity of the IrSb 3 , CoSb 3 single-layer thin films and the Ir 0.5 Co 0.5 Sb 3 alloy film. Also plotted in the same figure are the thermal conductivity of bulk IrSb 3 and CoSb 3 . 3, 6 The measured thermal conductivity values of the single-layer thin films are much smaller than those of corresponding bulk materials. This may be due to the grain boundary scattering of phonons in the thin films. The grain size in bulk materials is typically in the range of several microns, 1,2 much larger than the grain size in the films. To further support the possibility of grain boundary scattering, we estimate the phonon mean free path in CoSb 3 and IrSb 3 at room temperature here. The Debye temperature for IrSb 3 is 308 K and for CoSb 3 306 K. 1,2 In addition, the lattice dynamics calculation of the phonon spectrum of CoSb 3 shows that the highest optical phonon frequency is ϳ280 cm Ϫ1 . It is reasonable to assume that all phonon modes are populated at room temperature and the average energy per mode is k B T, where k B is the Boltzmann constant. The volumetric specific heat can be estimated from C ϭ3k B N /a 3 , where a is the lattice constant and N is the number of phonon branches. For skutterudites, Nϭ48 since the basis is made of 16 atoms. 5 Based on the lattice constants of 9.0385 and 9.2533 Å, the volumetric specific heat values are estimated to be 2.51ϫ10 6 J/m 3 K and 2.69ϫ10 6 J/m 3 K for IrSb 3 and CoSb 3 , respectively. The phonon mean free path, ⌳, can be estimated from the simple kinetic relation, kϭCv⌳/3, where v is the average phonon group velocity and k is the lattice thermal conductivity. If we use an average sound velocity of 3014 m/s for IrSb 3 and 2700 m/s for CoSb 3 , 1,2 the phonon mean free path values for IrSb 3 and CoSb 3 are 67 and 53 Å at room temperature, respectively ͑assuming that the heat conduction in bulk materials is dominated by the phonon transport͒. These mean free path values are an order of magnitude smaller than the lateral grain size and seem to contradict the explanation of grain-boundary scattering. The estimation of the phonon mean free path based on the simple kinetic theory, however, is deceiving, since the group velocity of optical phonons is much lower than that of acoustic phonons. 22 As an extreme, if all optical phonons are ignored, the phonon mean free path ͑mfp͒ values in bulk IrSb 3 and CoSb 3 are estimated to be ϳ1060 and ϳ850 Å, respectively. These numbers, although quite qualitative, indeed show that the phonon carrying heat in bulk IrSb 3 and CoSb 3 may have a quite long mfp and that the experimentally measured reduction in thermal conductivity may be caused by the grain-boundary scattering.
Also plotted in Fig. 2 is the thermal conductivity of the Ir 0.5 Co 0.5 Sb 3 alloy film, which has a much lower thermal conductivity compared to the IrSb 3 and CoSb 3 films. In comparison, the measured thermal conductivity of a bulk Ir 0.12 Co 0.88 Sb 3 sample at room temperature is ϳ3 W/m K. 23 The predicted value for bulk Ir 0.5 Co 0.5 Sb 3 at room temperature is 2.2 W/m K, 23 larger than the measured value of 1.2 W/m K for the thin film alloy. The larger reduction in this alloy thin film sample may be the combined result of the mass-difference scattering and the grain boundary scattering, indicating the phonons carrying heat in alloys may also have a long mfp.
The temperature dependence of the thermal conductivity of the five IrSb 3 /CoSb 3 superlattice samples is plotted in Fig.  3 , together with the thermal conductivity of the Ir 0.5 Co 0.5 Sb 3 alloy film and the thermal conductivity of a filled skutterudite, Ir 4 LaGe 3 Sb 9 , in its bulk form. 6 The thermal conductivity of three superlattice samples of periods 6, 14, and 16 nm increases with increasing period thickness. The superlattice with the largest period, 75 nm, has a thermal conductivity value comparable to that of the 6 nm period sample. A similar behavior is also observed in Si/Ge superlattices and was attributed to the generation of dislocations. 15, 17 The same mechanism may also likely be responsible for the observed thermal conductivity in skutterudites. The alloy thin film has a thermal conductivity comparable to those of the 6 and the 75 nm period superlattices. For the superlattice with 6 nm period, Caylor et al. 20 reports its near-alloy microstructure due to interdiffusion. Unlike the experimental results on Si/Ge and GaAs/AlAs superlattices, which show suballoy thermal conductivity values in the cross-plane direction for certain period thickness, the experimental data on skutterudite superlattices do not lead to thermal conductivity values appreciably lower than that of its alloy counterpart. The thermal conductivity values of the thin-film alloy and the superlattices, however, are all lower than that of their corresponding bulk constituents, likely due to a combination of the grain boundary, interface, and mass-difference scattering. Figure 3 shows the effective combined thermal conductivity of IrSb 3 and CoSb 3 based on the Fourier heat conduction theory and the measured thermal conductivity of the IrSb 3 and CoSb 3 single-layer films in Fig. 2 . In comparison to these calculated values, the thermal conductivity values of the superlattices are clearly lower. This could be attributed to the combined effect of interface phonon reflection, interface mixing, and grain boundary scattering. 22 Based on the thermal conductivity of the single-layer IrSb 3 and CoSb 3 film and assuming that the grain-boundary scattering in the superlattice films are similar to that in the single layers, we estimate that the thermal boundary resistance is 1 -4 ϫ10 Ϫ9 K m 2 /W for most of the samples in the tested temperature range.
In conclusion, we have observed significant reductions in thermal conductivity for both the single-layer skutterudite films and their superlattices compared to their respective bulk samples. These reductions are caused by the combined effect of the mass-difference scattering, grain boundary scattering, and the interface scattering.
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